Introduction
Rapamycin (RAPA) is a macrolide antibiotic produced by streptomyces hygroscopicus and is also a potent immunosuppressant. RAPA is used extensively in solid organ transplant, and has an emerging role in GVHD. [1] [2] [3] [4] [5] [6] [7] RAPA prevents GVHD in several murine models, although the mechanism is not clear. It is well established that RAPA suppresses proliferation of conventional CD4 þ T cells (Tconv) through blocking the mammalian target of RAPA. Further studies show that T cells activated in the presence of RAPA may have a more tolerogenic phenotype. 8, 9 There are emerging data suggesting that RAPA helps induce tolerance by conditioning DC to preferentially activate suppressive T-cell subsets. 10 Finally, RAPA appears to cause an increase in regulatory T cells (Tregs), or at least provide selective survival advantage [11] [12] [13] [14] In studies performed in our lab and others, RAPA prevented mortality from GVHD in murine models 1, 4 On histopathology, it was observed that there was a dense infiltrate of inflammatory cells, which in later analysis indicated that a majority of these cells were CD4 þ 4. When the splenocytes were analyzed at a later date, they were found to have suppressive properties in MLCs.
Tregs are a subset of T cells characterized by CD4 þ CD25 hi cells that also express forkhead transcription factor FoxP3. They suppress Tconv and help promote tolerance. Several laboratories have shown that giving donor Tregs can suppress GVHD in murine models. [15] [16] [17] Some studies show in humans with acute GVHD that there is a decrease in the number of Tregs in the peripheral blood and the affected tissue. [18] [19] [20] It is unclear where in the immunologic reaction Tregs have a role, in the peripheral blood, lymph nodes or affected tissues.
Our aim in the current study was to further explore the nature of the cellular infiltrate in mice that clinically do not have significant GVHD. Both ear biopsies and peripheral blood were analyzed for Tregs. The data show a novel mechanism of rapamycin in GVHD, accumulation of regulatory T cells in the GVHD target tissue: the skin.
Materials and methods

Animals
B10.D2/nSnJ (H2d, Mls-2b, Mls-3b) and BALB/cJ (H2d, Mls-2a, Mls-3a) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). For the in vivo studies, only female mice were used. The mice were kept in a specific pathogen-free facility throughout the study. All animal protocols were approved by our IACUC. Drug and treatment RAPA was purchased from LC Laboratories (Woburn, MA, USA) in pure powder form. It was prepared fresh daily in carboxymethylcellulose 0.2% and thoroughly homogenized before injection. The mice were given 3-5 mg/kg of RAPA or carboxymethylcellulose vehicle control daily through i.p. injection on days 1-28 after transplantation. The volume given was 0.01 ml/g. Doses of greater than 5 mg/kg resulted in increased toxicity and mortality.
GVHD Model
Histology and immunohistochemistry
We obtained ear biopsies from the mice given the ease of procurement, and the findings are consistent with the skin biopsies (data not shown).
Tissue was obtained, placed in 10% formalin and paraffin embedded. Tissues from previous experiments were in paraffin and processed. Samples were then stained with hematoxylin-eosin (H&E) or immunohistochemistry (IHC) for intracellular FoxP3.
IHC was performed on 5-mm slices obtained from paraffin blocks. The MOM Immunodetection Kit from Vector Laboratories (Burlingame, CA, USA) (cat. no. PK-2200) was used. The methods were fully described by Nakmura et al. 21 Briefly, the slides were placed in a steam bath for 40 min for Ag retrieval. Then, after several blocking steps, they were incubated overnight with 1:10 mouse anti-mouse/human/rat-FoxP3 IgG. The slides were washed and then incubated with anti-mouse IgG conjugated to biotin substrate. The slides were then stained with fluorescein avidin DCS, and subsequently developed.
The cells were counted using a Leica microscope. For the H&E stained slides to assess cellularity of the tissues, a total of 10 h.p.f. were counted or the maximum possible depending on the quality of the slide. For the IHC slides, 1000 nucleated cells were assessed, or as many as possible given the quality of staining.
Images of skin and liver sections were acquired with an AxioCam MRc digital camera mounted on an Axiovert 200 inverted microscope (Carl Zeiss Microimaging, Thornwood, NY, USA). A-Plan Â 10/0.25 and LD-Plan NEO-FLUAR Â 20/0.4 objectives were used. Images were recorded using AxioVision Rel. 4.5 software (Carl Zeiss Microimaging).
FACS analysis
Cells were stained with a mouse Treg staining kit (Biolegend, San Diego, CA, USA cat no. 320018) as described by Bamias et al. 22 Briefly, peripheral blood (50 ml) 
Statistical analysis
Group comparisons were made with Student's t-test.
Results
Rapamycin prevents GVHD
Irradiated BALB/c recipients of B10.D2 BM and splenocytes were treated with RAPA at a dose of 3-5 mg/kg for the first 4 weeks after transplantation. Consistent with previous experiments, 4 mice treated with RAPA (n ¼ 7) did not develop GVHD and all RAPA-treated mice survived more than 90 days (Figures 1 and 2) . By contrast, all mice treated with carboxymethylcellulose (n ¼ 10) developed severe GVHD and all of them died within 70 days after transplantation with a median survival period of 55 days (Figures 1 and 2 ). Similar to our published data, 4 histological analysis showed that the mice treated with RAPA were free of acute and chronic GVHD in the skin, liver and intestine (data not shown). These mice were used for subsequent mechanistic studies.
Histologic changes
As seen in previous experiments, 4 there was a significant cellular infiltrate noted in the ear skin of the RAPA-treated mice as compared with control mice. Analysis of H&E slides showed significantly more cells/h.p.f. on mice treated with RAPA as compared with control on days 28 and 42 BALB/cJ mice were lethally irradiated, and given BM and splenocytes from B10.D2 mice. The mice were monitored over a 3-month period for mortality.
( Figure 3 ). On days 28 and 42, control mice had significantly fewer cells per high-powered field, as compared with RAPA mice, 46 vs 89 (P ¼ 0.028) and 36 vs 68 (P ¼ 0.016), respectively. There was no significant difference on day 14. Evaluation of IHC staining performed on the ear biopsies showed an increase in the percentage of FoxP3-positive cells per infiltrating nucleated cell. This was shown over three separate experiments (Figure 4 and 5) , and appears to be dose dependent. In mice treated with control vehicle and low-dose RAPA (1.5 mg/kg), there was a low percentage, however, in a high dose of RAPA (3-5 mg/kg) and the percentage increased to 14% of FoxP3-positive cells per total nucleated cell, which was statistically significant (Po0.01).
To determine whether Tregs were present in other target organs of GVHD, we further analyzed the liver and gut. In the liver, a cellular infiltrate was noted in control mice, in addition to destruction of the structures in the portal triad. There was minimal cellular infiltration noted in the liver of RAPA-treated mice, and no compromise of the structures was noted on day 30 (Figure 4 ). There was no evidence of Tregs in any of the liver specimens (data not shown). In the gut, there was more inflammation in the control mice as compared with the RAPA-treated mice; however, this was difficult to quantify and Tregs were present in both treated and untreated mice (data not shown).
Peripheral blood
To determine whether RAPA expanded Tregs systemically, FoxP3 þ cells were quantified in peripheral blood. As shown in Figure 6 , analysis of peripheral blood did not show any significant difference in FoxP3-positive cells on days 14, 28 or 42 in the RAPA-treated vs control mice, suggesting that RAPA does not affect Treg numbers systemically.
Discussion
These experiments confirm that RAPA can prevent mortality from GVHD, as observed in previous experiments. 1, 4 We also show in mice treated with GVHD that a densely cellular infiltrate that contains a high percentage of FoxP3-positive cells is present in the clinically unaffected tissues. These findings suggest that abrogation of clinical disease is mediated at least in part by Tregs. It is noted that an increase in Tregs is not appreciated in the peripheral blood at the time points measured.
The immunomodulatory effects of RAPA have been an area of active interest for a number of years. Initial studies by Blazar et al. 1 10 years ago showed that RAPA improved survival in mice undergoing transplantation; however, the mechanism remains a subject of debate. One possible mechanism is the suppression of Tconv proliferation, mediated by RAPA binding to FK-binding protein and inhibition of the mammalian target of RAPA. This is mediated through an IL-2 independent pathway.
Another potential mechanism is through the induction of Tregs. Several investigators have shown the ability to expand Tregs by culturing them in the presence of RAPA.
11, 23 Zeiser et al. further explored this phenomenon and showed that RAPA promoted Treg expansion and proliferation in vivo with luciferase imaging. 24 Tregs appear to induce the STAT5 pathway in the presence of RAPA, which promotes proliferation. 13 Furthermore, RAPA may exert immodulatory effects through DC. Turnquist et al. 10 showed that RAPA-conditioned DC were poor stimulators of effector T cells, but enriched Tregs. This may be secondary to effects on maturation, 25 Ag uptake 26 or survival. 27 It is intriguing that Tregs were present in the skin, but were not increased in the peripheral blood, liver or gut. Luciferase imaging data suggest that Tregs are primed in the lymph nodes and then home to organs to prevent In the control group, the following number of slides were analyzed: day 14, n ¼ 5; day 28, n ¼ 7; day 42, n ¼ 6. In the RAPA group, the following number of slides were analyzed: day 14, n ¼ 6; day 28, n ¼ 6; day 42, n ¼ 6. inflammation, 28 and this study confirmed the presence of FoxP3 þ cells in one affected tissue, the skin. The fraction of Tregs in the peripheral blood in each group is equal, In the control group, the following number of samples were analyzed: Day 14, n ¼ 5; day 28, n ¼ 7; day 42, n ¼ 6. In the RAPA group, the following number of samples were analyzed: day 14, n ¼ 6; day 28, n ¼ 6; day 42, n ¼ 6.
consistent with earlier studies 13, 28 This phenomenon may reflect the fact that Tregs proliferate in the lymph nodes before entering the target tissues. 28 In our experiments, the presence of Tregs in the ear biopsies was very clear. However, although it appears that there is no increased accumulation of Tregs in the gut or liver, this needs to be confirmed on further analysis as the sample size was small and could be subject to sampling error.
One question remains unanswered: how does RAPA prevent mortality in this model? Although we clearly show the presence of Tregs in the ear biopsies, skin GVHD, though well described in this model, is not the cause of mortality. Presumably, there are other mechanisms that result in improved survival. The most likely cause of mortality in this model is GVHD of the gut. The gut biopsies obtained were unrevealing, though notably there were Tregs in both the RAPA-treated and control mice. We also might have missed areas with increased Tregs because of sampling error. However, we know that even at baseline, Tregs are present in the intestinal tissue. 29 In the initial experiments using RAPA to prevent GVHD in this mouse model, the splenocytes were rich in T cells that were suppressive in MLRs, which may in fact be Tregs. 4 This would suggest that Tregs present in the lymphatic system may suppress Tconv function before their entrance into the affected tissues.
This study indicates that at least a part of the mechanism of GVHD suppression provided by RAPA is through the induction of Tregs, and that these cells act within the affected tissues, mainly the skin. Our study shows the presence of Tregs in tissues known to be affected by GVHD in untreated mice. The presence of a dense lymphocytic infiltrate without tissue injury indicates that, at least in the skin, their presence prevents the action of Tconv. However, on the basis of previous data showing that cells of a suppressive nature populate the spleen, 4 there are indications that they may also exert their effect on effector cells in the lymphatic tissue. Further studies will be necessary to better understand this phenomenon and how this can be exploited in a clinical trial.
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